ABSTRACT Wild-type and recombinant nucleopolyhedroviruses (NPVs) were compared with respect to their potential for environmental transport by the predatory spined soldier bug Podisus maculiventris (Say), the scavenging ßy Sarcophaga bullata (Parker), and the house cricket Acheta domesticus (L.). Viruses tested were variants of Autographa californica (Speyer) NPV (AcNPV): wild-type virus (AcNPV.WT), AcNPV expressing a scorpion toxin (AcNPV.AaIT), and AcNPV expressing a mutated juvenile hormone esterase (AcJHE.SG). All three insects ingested Trichoplusia ni (Hü bner) larvae infected with or killed by each of the three NPVs. The type of virus that killed T. ni larvae did not affect feeding preference of the cricket or ßy. The cumulative survival curves for the three nontarget insects did not depend on whether they ingested AcNPV.WT-infected, recombinant-infected, or uninfected T. ni. Thus, direct effects of the recombinant viruses on nontarget organisms probably are similar to those by wild-type NPV. Within 5 d after ingesting virus-infected larvae, all three nontarget insects voided Ͼ1,000 times the median lethal dose of each NPV against neonatal Heliothis virescens (F.). All three insects defecated signiÞcantly more AcJHE.SG virus than the other viruses. Thus, AcNPV.AaIT and AcJHE.SG potentially can be transported away from a release site by the predator and the two scavengers and thereby contact additional nontarget species.
NUCLEOPOLYHEDROVIRUSES (NPV) ARE popular subjects of genetic engineering for improved insect pest management. A major advantage of these viruses in insect control is their environmental safety (Laird et al. 1990 ). However, NPVs generally require Ϸ1 wk to kill the host insect even though they are virulent in terms of their high case-fatality rates. This slow speed is deleterious to a user who expects quick action (Fuxa 1991a) . Recombinant NPVs are being developed for increased speed of kill (Bonning and Hammock 1996) . Two major approaches to such research include the engineering of Autographa californica NPV (AcNPV) to express a highly speciÞc insect toxin (AaIT) from the Algeria scorpion Androctonous australis Hector (AcNPV.AaIT) (McCutchen et al. 1991 , Stewart et al. 1991 and to express a mutated juvenile hormone esterase (JHE) gene (AcJHE.SG). AcNPV.AaIT reduces time of kill by 30% compared with wild-type AcNPV and stops insect feeding Ϸ8 Ð10 h before death (McCutchen et al. 1991 , Kunimi et al. 1996 . AcJHE.SG reduces feeding damage by 66%, and its lethal times are 20 Ð30% faster than those of wild-type virus (Bonning et al. 1995) .
Recombinant DNA technology raises questions about the safety of environmental releases of genetically engineered agents such as NPVs. Recombinants may be pathogenic to the wrong hosts or have greater evolutionary potential than their parental or wild-type organisms (Fuxa 1987) . Their effect on the environment may be unpredictable, and they could themselves become pest species, as have many other accidental and intentional biological introductions. Another concern is that there might be unintended transfer of genetic material from a recombinant organism to other species, thereby creating a new pest even if the recombinant itself is safe.
Risk assessment is necessary for registration of viral insecticides. Because we cannot be certain that a recombinant NPV will be harmless to all nontarget organisms, then knowledge of a recombinantÕs capability for persistence and spread becomes important in terms of an exposure assessment component of risk assessment. Exposure assessment is the quantitative or qualitative evaluation of an organismÕs exposure to an environmental hazard (Anonymous 1988) .
Natural strains or isolates of NPVs clearly are capable of environmental persistence and spread. Biotic agents such as predators, parasites, scavengers of host insects, and grazing mammals can contribute to shortand long-range transport of NPVs (Fuxa 1991b) . Predatory arthropods and scavengers can transport wildtype NPVs when they eat virus-infected caterpillars and subsequently defecate viable NPV (Stairs 1965, Capinera and Barbosa 1975) . The spined soldier bug, Podisus maculiventris (Say), which feeds primarily on lepidopteran and coleopteran larvae (McPherson 1982) , transports wild-type NPVs in nature (Fuxa et al. 1993) . There is evidence that scavenging ßies, such as Sarcophaga bullata (Parker), feed on NPV-killed caterpillars in nature and are potential agents of viral transport (Stairs 1965 , Hostetter 1971 . The house cricket, Acheta domesticus (L.), is an omnivorous scavenger and therefore might ingest virus-killed larvae and thereby transport recombinant NPVs.
Thus, understanding the impact of genetically engineered entomopathogens on nontarget organisms, as well as the potential dispersal by such organisms of recombinant NPVs, is important for risk assessment and, eventually, successful biological control. The purpose of this research was to determine (1) the propensity of these three nontarget insects to ingest larvae infected with recombinant NPV, (2) the direct harmfulness to the nontarget insects from ingesting recombinant virus-infected larvae, and (3) the amount of viable recombinant virus voided by the nontarget insects after ingesting virus-infected larvae.
Materials and Methods
Insects. Trichoplusia ni (Hü bner) eggs were provided by Thermo Trilogy, Wasco, CA. The larvae were reared in individual 30-ml cups on artiÞcial diet (Greene et al. 1976) . S. bullata pupae were obtained from Carolina Biological Supply, Burlington, NC, and placed in a styrene chamber (21 by 12 cm) for emergence. P. maculiventris, spined soldier bugs, originally were collected from soybean near Baton Rouge, LA, and were reared continuously in our laboratory. Third-to Þfth-instar T. ni were fed to the bugs at a rate of one larva per bug per day. S. bullata and P. maculiventris were starved for 24 h before experiments. A. domesticus were obtained from J. P. Woodring, Department of Biological Sciences, Louisiana State University, Baton Rouge. A. domesticus adults were starved for 5 d before experiments.
Viruses. A wild-type Autographa californica NPV (AcNPV.WT) was produced in laboratory-reared T. ni larvae. AcNPV.WT was a plaque-puriÞed isolate, AcNPV-C6, from BioSys (now Thermo Trilogy). AcJHE.SG and AcNPV.AaIT were obtained from B. D. Hammock (Department of Entomology, University of California, Davis).
Scavenger Feeding-Choice Experiments. Larvae of T. ni were infected and killed in the sixth instars by one of the three viruses (AcNPV.WT, AcNPV.AaIT, or AcJHE.SG). Each Þfth-instar larva was exposed to 10 6 polyhedral occlusion bodies (POB) by diet surface contamination. Four dead larvae were placed in a petri dish (150 by 15 mm), with each larva evenly spaced into one quadrant and near the edge of the dish. The four larvae included one killed immediately before the experiment by cold temperature but not frozen, and one each killed by the three types of virus within 24 h before the experiment. An adult S. bullata was placed in the center of the petri dish and observed for 15 min. This procedure was repeated with 25 different ßies. The same procedure was used for A. domesticus, except that the size of the petri dish was 150 by 25 mm.
Contact time and feeding time were recorded during the 15-min test period. Contact time was the duration (s) in which S. bullata or A. domesticus touched any part of the cadaver, regardless of whether they fed on it. Feeding time was the duration in which S. bullata extended the proboscis to the cadaver, or in which A. domesticus chewed on the cadaver. Viral Effects on Nontarget Organisms. The predator and two scavengers were fed virus-infected insects in a nonchoice experiment. For S. bullata, one adult was placed in a petri dish (100 by 15 mm) with Þlter paper lining the bottom. Each ßy was given one of Þve food sources (treatments), as follows: (1) a T. ni cadaver killed in the sixth instar by one of the three viruses (AcNPV.WT, AcNPV.AaIT, or AcJHE.SG), (2) a T. ni cadaver killed in the sixth instar by cold temperature, or (3) 1 ml of 10% sucrose in distilled water added directly to the Þlter paper. The experiment was replicated four times, and there were 25 ßies per treatment per replication. The petri dishes were incubated at 27ЊC and a photoperiod of 14:10 (L:D) h, and the S. bullata were checked daily for mortality. The same procedure was used for P. maculiventris and A. domesticus adults, except there was no 10% sucrose treatment and the size of the petri dish for A. domesticus was 150 by 25 mm.
Viral Defecation Experiment. Podisus maculiventris adults were fed one of four different types of prey, as follows: (1) healthy T. ni larvae (control group), (2) larvae infected with AcNPV.WT, (3) larvae infected with AcNPV.AaIT, or (4) larvae infected with AcJHE.SG. The prey insects were infected in the second instar with the appropriate NPV by diet surface contamination, and they exhibited signs of viral disease by the fourth instar, when they were used in the experiment. A single T. ni larva and one P. maculiventris adult were placed on a moistened Þlter paper disk in a petri dish (100 by 15 mm). The predator was observed for feeding activity (insertion of stylet); as soon as it stopped feeding, it was transferred to a similar dish with damp Þlter paper in the bottom and fed uninfected T. ni larvae. NPV infection was conÞrmed in the remains of the initial prey larva by phase microscopy. Each predator was transferred every day for 10 d to a new petri dish containing Þlter paper and an uninfected T. ni larva. Each day, the old petri dish with the Þlter paper was stored at Ϫ20ЊC until it was bioassayed for viral activity. Each treatment included 10 bugs, and the experiment was replicated three times (30 bugs per treatment).
Viral activity in the feces was bioassayed by a dietcontamination technique. Each Þlter paper disk was macerated with a glass rod in 5 ml of 2% KCl, and 0.1 ml of this suspension was inoculated onto the diet surface in a 30-ml cup. Each disk was bioassayed with 30 neonatal T. ni. The entire experiment was repeated with S. bullata or A. domesticus instead of P. maculiventris, except that larvae killed by NPV or cold temperature (control) were fed to these scavengers.
The numbers of POB voided by each insect were estimated by means of standard curves. For each standard curve, Þve known concentrations of the appro-priate virus were placed by micropipette on Þlter paper disks (9 cm diameter). POB were counted with a Petroff-Hausser counting chamber and stored at 4ЊC until use. After drying, the disks were macerated as above in 2% KCl, and bioassayed as above with 30 neonatal T. ni per concentration of each virus.
Data Analyses. The feeding-choice and viral defecation data for P. maculiventris were subjected to analysis of variance in the SAS general linear models procedure (SAS Institute 1996) , with the Tukey honestly signiÞcant difference test or the Fisher least signiÞcant difference for posthoc comparisons (SAS Institute 1996) . The chi-square test was used to analyze the feeding-choice data for S. bullata, because adults of this insect mostly remained on one type of cadaver, which resulted in large numbers of zeroes in the data set. The standard curves to determine numbers of viral POB voided by the three nontarget insects were obtained by regression analysis, in the PROC REG procedure, of percentage mortality transformed to logit versus POB. Viral defecation rates from the nontarget insects were subjected to random coefÞcient regression in the PROC MIXED procedure. Cumulative survival curves of nontarget insects after ingesting virusinfected and uninfected larvae were analyzed by the Kaplan-Meier product-limit estimator for signiÞcant differences among survival times, and pairwise comparisons were made with the log linear rank test (Kalbßeisch and Prentice 1980) in STATISTICA (Anonymous 1995).
Results
Scavenger Feeding-Choice Experiments. The type of virus killing T. ni did not affect contact time or feeding time of S. bullata (contact time 2 ϭ 1.4, df ϭ 3, P ϭ 0.69; feeding time 2 ϭ 1.4, df ϭ 3, P ϭ 0.69) or of A. domesticus (contact time F ϭ 0.64; df ϭ 27, 72; P ϭ 0.59; feeding time F ϭ 1.13; df ϭ 27, 72; P ϭ 0.34) (Table 1) . Generally, each individual A. domesticus spent a similar amount of time contacting and feeding on each type of cadaver during the 15-min test period. However, each individual of S. bullata remained mostly on one type of cadaver, although as a group, these scavengers again contacted and fed on all four cadaver types equally.
Viral Effects on Nontarget Insects. Mortality of S. bullata feeding on T. ni cadavers reached 80% by day 9, but mortality of S. bullata fed sugar water was Ͻ5% (Fig. 1) . S. bullata fed sugar water survived signiÞ-cantly longer (P ϭ 0.0001) than those fed any type of cadaver ( Table 2 ). The cumulative survival curves did not depend on the type of virus-infected cadaver. However, ßies fed T. ni larvae killed by any of the three viruses had lower survival than ßies fed larvae killed by cold.
The cumulative survival curves of A. domesticus after ingesting the four types of cadavers, including the control group, were not signiÞcantly different ( Fig. 2; Table 2 ). However, A. domesticus mortality was lower than that of S. bullata. By day 10, cricket survival was Ͼ80% for all four treatments.
Cumulative survival of P. maculiventris ingesting control (noninfected) larvae was signiÞcantly higher (P ϭ 0.0001) than those ingesting virus-infected larvae ( Fig. 3; Table 2 ). By day 10, predator mortality in all treatments remained Ͻ12%. Cumulative survival of P. maculiventris did not depend on the type of virusinfected larvae that served as prey (P ϭ 0.6475, Table 2 ). Viral Defecation Experiment. All three nontarget insects fed on T. ni larvae regardless of whether the larvae were infected with a virus. The number of POB voided by the three nontarget insects was estimated by bioassay of the Þlter paper substrate in conjunction with standard curves. The standard curves for the three viruses were: Y ϭ 0.5284 log X AcNPV.WT (SE ϭ 0.05) Ϫ 3.1927 (r 2 ϭ 0.942; F ϭ 112.7; df ϭ 1, 7; P Ͻ 0.0001) for AcNPV.WT (MSE ϭ 0.204), Y ϭ 0.5173 log X AcNPV.AaIT (SE ϭ 0.06) Ϫ 2.8938 (r 2 ϭ 0.916; F ϭ 76.2; df ϭ 1, 7; P Ͻ 0.0001) for AcNPV.AaIT (MSE ϭ 0.290), and Y ϭ 0.4692 log X AcJHE.SG (SE ϭ 0.04) Ϫ 3.1103 (r 2 ϭ 0.926; F ϭ 111.9; df ϭ 1, 9; P Ͻ 0.0001) for AcJHE.SG (MSE ϭ 0.294), where Y is logit mortality and X is POB per insect voided onto the Þlter paper substrate. The average number of viral polyhedral occlusion bodies voided by individual P. maculiventris, S. bullata, or A. domesticus decreased over time after the wild-type or recombinant virus-infected larvae were ingested (Table 3 ). More than 87% of the POB of all three viruses in all three insect species were voided during the Þrst 5 d. The three nontarget insects ingesting AcJHE.SG-infected larvae voided signiÞ-cantly more POB than those ingesting the other two viruses (Table 4) . P. maculiventris and S. bullata ingesting AcNPV.AaIT-infected larvae voided signiÞ- cantly fewer viable POB than those ingesting the other two viruses, whereas A. domesticus ingesting AcNPV.WT-infected larvae voided the fewest viable POB (Table 4) . Viable NPV was never detected in the feces of the three nontarget insects after they ingested uninfected T. ni larvae.
The coefÞcients of the regression lines for voiding of wild-type or recombinant POB by the three nontarget insects were compared (Table 5 ). All intercepts and slopes were signiÞcantly different from zero. Slopes of the regression lines represent the decrease over time of viable POB voided by nontarget insects are compared statistically in Table 6 . P. maculiventris voiding of AcJHE.SG decreased signiÞcantly faster than its voiding of AcNPV.WT (P ϭ 0.0407) or AcNPV.AaIT (P ϭ 0.0011). Similarly, A. domesticus voiding of AcJHE.SG decreased signiÞcantly faster than its voiding of AcNPV.WT (P ϭ 0.0001) or AcNPV.AaIT (P ϭ 0.0001), and A. domesticus voiding of AcNPV.AaIT decreased signiÞcantly faster than its voiding of AcNPV.WT. For S. bullata, there was no signiÞcant difference in voiding rates of the three viruses.
Discussion
The predator P. maculiventris and scavengers S. bullata and A. domesticus are potential transport agents of the wild-type and recombinant baculoviruses tested here. All three insects fed on larvae infected or killed by each of the viruses, regardless of whether the cadavers were liquiÞed (AcNPV.WT) or intact. Just as important, the feces of these insects contained large amounts of viable virus (Table 3) . It is possible that small amounts of NPV were transferred to assayed Þlter paper by mouthparts or other body parts, but such large amounts of NPV (Table 3 ) must have been deposited by means of feces. Sarcophagid ßies feeding on NPV-killed caterpillars in nature previously were identiÞed as potential agents of viral transport by void- Fig. 1 . Cumulative percentage survival of S. bullata after ingesting wild-type or recombinant virus-infected larvae versus uninfected larvae (control, killed by low temperature) or 10% sucrose. ing NPV in feces (Stairs 1965 , Hostetter 1971 . Similarly, P. maculiventris voided infectious wild-type NPV after feeding on NPV-infected larvae (Abbas and Bousias 1984 , Young and Yearian 1987 , Fuxa and Richter 1994 . There has been no previous research of house crickets ingesting NPV-infected cadavers, but this omnivorous insect is a likely scavenger of any lepidopterous cadaver that remains intact and falls to the ground, as is the case with caterpillars killed by AcNPV.AaIT.
Individual P. maculiventris, S. bullata, and A. domesticus voided sufÞcient amounts of all three viruses to infect a large numbers of new hosts. Crickets voided more NPV than the other two insects, probably because of their larger size. Within 5 d, each individual predator and scavenger voided Ͼ1,000 times the viral LD50 for neonatal H. virescens (Bonning et al. 1995) or Pseudoplusia includens (Walker) (Kunimi et al. 1997 ) and Ͼ100 times the viral LD50 for third-instar P. includens (Kunimi et al. 1997 ) for all three types of virus. Even at day 10, the number of POB voided by the predator and scavengers was Ͼ10 times the viral LD50 for neonatal H. virescens, T. ni (Bonning et al. 1995) , or P. includens (Kunimi et al. 1997) (Table 3) . P. maculiventris walks at Ϸ1.88 cm/s (Heimpel and Hough-Goldstein 1994) , which implies that this pred- ator could potentially transport virus as far as 3 km within 10 d. Rates of travel are not known for S. bullata or A. domesticus, but S. bullata is a strong ßier, and A. domesticus actively walks and hops. Thus, both scavengers also could carry viruses over signiÞcant distances over a period of 10 d.
The three nontarget insects all voided more AcJHE.SG than the other viruses (Tables 3 and 4) . One likely explanation is that larvae infected by AcNPV.WT and AcJHE.SG produce more POB than those with AcNPV.AaIT (Kunimi et al. 1996 , Fuxa et al. 1998 . A possible reason for greater voiding of AcJHE.SG than AcNPV.WT is that AcNPV.WT-killed larvae disintegrate more rapidly than those killed by AcJHE.SG (Fuxa et al. 1998) , thus some POB of AcNPV.WT may have leached into the Þlter paper where it could not be ingested. Greater amounts of AcNPV.AaIT than AcNPV.WT voided by A. domesticus are difÞcult to explain, unless perhaps the small, intact AcNPV.AaIT cadavers (Fuxa et al. 1998) were easier for crickets to ingest entire, without loss of POB. The decrease in POB voided over time (Tables 5 and  6 ) depended on the number of POB voided on day 1 (Table 3) ; the more POB voided on day 1, the greater was the rate of decrease in POB voided.
The recombinant viruses AcNPV.AaIT and AcJHE.SG did not kill P. maculiventris, S. bullata, or A. domesticus at rates any greater than that of wildtype virus. Thus, direct effects by the recombinant viruses on nontarget organisms probably are similar to those by wild-type NPV. However, mortality of P. maculiventris and S. bullata fed T. ni larvae infected with any of the viruses was signiÞcantly higher than that of larvae fed uninfected T. ni (Figs. 1Ð3; Table 1 ), indicating that virus-infected larvae may not be as good a food source as healthy larvae. The high mortality of S. bullata fed on all four types of cadaver, including T. ni larvae killed by cold, indicated that lepidopterous cadavers are not a suitable food for them. Any detrimental effects of NPV-infected prey on P. maculiventris were minimal, because the average mortality in all treatments after 10 d was Ͻ10% ( Fig.  2 ; Table 1 ). Although AcNPV.WT has a broader host range than most baculoviruses, this range is limited to lepidopteran species (Granados and Williams 1986) .
In terms of risk assessment, the current results are mixed. The probability of environmental harm by a biotic agent is a product of six probabilities as follows:
(1) release of the agent into the environment, (2) survival, (3) multiplication, (4) dissemination, (5) transfer of its genetic information, and (6) harmfulness to one or more components of the environment (Levin 1982) . The recombinant viruses AcNPV.AaIT and AcJHE.SG did not harm the three nontarget organisms tested in the current research, thus the probability of harmfulness is reduced. However, this research clearly demonstrated that AcNPV.AaIT and AcJHE.SG can potentially be transported by the predator and the two scavengers away from a release site, which increases the probability of dissemination and potential exposure of other nontarget organisms. Previous research concluded that AcNPV.AaIT and AcJHE.SG are likely to be out-competed by wild-type virus in the environment (Fuxa et al. 1998 ), which in turn reduces the probabilities of survival and multiplication. Further research is necessary to conÞrm transport and spread of the recombinant NPVs by these nontarget insects and to test additional hypotheses relevant to risk assessment and eventual registration of recombinant-viral insecticides for pest control. search was supported by Grant No. 95-33120-1977 
